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By converting a coherent wave to a random-phased wave, the intensity profile on a target
becomes easily controllable. Planar as well as spherical targets were irradiated for the first
time by the random-phased wave. The targets were uniformly accelerated without being af-
fected by the small-scale intensity nonuniformities. The %-harmonic emission shows that
the plasma waves at n,/4 are only weakly excited in a spherical plasma. Irradiation with
short-wavelength, random-phased beams will be suitable for compression.

PACS numbers: 52.50.Jm, 52.25.Ps, 52.35.Mw, 52.40.Db

Direct target irradiation with short-wavelength
lasers leads to good coupling efficiency and high ab-
lation pressure with small hot-electron preheat.!:2
However, the major potential problem in this ap-
proach is the irradiation nonuniformity® which
directly leads to implosion nonuniformity because
of the small lateral thermal-smoothing effect with
short-wavelength irradiation.*> In this paper we
present experimental and theoretical evaluations of
the random-phasing technique which we proposed
recently® as a new approach for achieving uniform
irradiation distribution.

So far four schemes have been proposed to con-
trol the irradiation nonuniformity on fusion targets.
The first scheme is vacuum spatial filtering’ (VSF).
The second scheme is a plasma spatial filter? (PSF).
These two approaches are not sufficient in control-
ling the irradiation nonuniformity; there is a lower
bound to the cutoff frequency due to pinhole clo-
sure in VSF, and controlling the plasma density
profile is difficult in PSF. The third scheme is ran-
dom phasing® where a laser beam is first divided
into small beamlets having random phases and then
superimposed on- the target to yield controlled il-
lumination. The fourth scheme which is closely re-
lated to random phasing is the induced spatial in-
coherence developed by Lehmberg and Obenshain®
in which the interference pattern of multiple laser
beamlets is temporally smoothed by use of a
broad-bandwidth laser and an echelon grating. In
both the third and fourth schemes illumination
nonuniformities of long transverse scalelengths,
which are dangerous to symmetric compression, are
eliminated without loss of laser energy. Although
the technique of induced spatial incoherence is very
attractive to obtain smooth illumination distribu-
tion, temporal spikes in a laser pulse of broad
bandwidth will cause nonlinear effects such as self-
focusing along the direction of propagation in laser
media. Interaction of broad-bandwidth lasers with

plasmal® needs further investigation.

The basic experimental configuration for target
irradiation with the random-phased wave (RP
wave) is shown in Fig. 1(a). A random-phase
plate,!! which consists of a two-dimensional array of
transmitting areas each of which applies a phase
shift randomly chosen between 0 and = rad, is
placed near the focusing optics. The intensity dis-
tribution 7(x,y) at (x,) in the focal plane has an
envelope function given by the square of the sinc
function. The zeroth-order diffraction square
bounded by xg,y9= *Af/d contains 82% of the
laser energy where d is the length of a unit square
of the phase plate. Random intensity fluctuations
due to interferences between the waves diffracted
from each element of the phase plate are super-
posed on this envelope function as shown in Fig.
1(b). As a simplified picture, the three-di-
mensional spatial pattern of the RP wave is com-
posed of randomly distributed bright beamlets
which have a typical diameter of 2\ /D and a typi-
cal length along the propagation direction of
4\ (f/D?) (both zero-to-zero intensity), where D is
the laser beam diameter.

The root-mean-squared intensity fluctuation
(81) averaged® over the area (8x)?, where dx is
comparable to the absorption-ablation distance in
the ablating plasma, is given by (87)/(I) ~0.14 in
the experimental condition described later, where
(I) is the average intensity. In addition, when clas-
sical absorption is the dominant absorption process,
the intensity fluctuations are averaged along the
propagation direction as a result of the finite length
of the beamlets. Also, oblique laser beam propaga-
tion with respect to the density gradient in spherical
plasmas should be quite effective for Ilaterally
smoothing small-scale intensity nonuniformities.
Therefore we expect that sufficient uniformity is at-
tainable by irradiation of spherical targets with the
RP wave of short wavelength, even though the in-
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FIG. 1. (a) Typical arrangement of random phasing of the laser beam for uniform target irradiation. A random-phase
plate is placed in front of a lens of focal distance f. (b) Calculated intensity distribution of the random-phased wave at
the focal plane. (c),(d) Observed intensity distributions of a quasispherical wave and a random-phased wave, respective-

ly. Experimental parameters are given in the text.

terference pattern is stationary in time.’

We have fabricated a two-level phase plate where
the phase shift is either 0 or . The experimental
parameters were A =1.052 um, D =190 mm, d=7
mm, and f=550 mm. Figures 1(c) and 1(d) show
the intensity distributions 600 wm inside the focal
plane without and with the phase plate, respective-
ly. In this example the intensity distribution
without the phase plate shows ring structures due to
mainly the sinusoidal aberration of ~ A (peak-to-
valley) along the radial direction. In this paper we
call a spherical wave accompanied with slight aber-
ration a ‘‘quasispherical (QS) wave.”” In contrast
the RP wave is insensitive to the intensity nonuni-
formity and phase aberration, and the overall inten-
sity distribution is easily controllable by the proper
selection of the dimensions of the phase plate and
the focusing optics.

As in the first experiment, we irradiated solid tar-
gets with either the RP wave or the QS wave.
Planar or spherical targets were placed inside the fo-
cal position (— 1300 wm) where the laser beam di-
ameter was approximately 300 um on the target
surface. The laser energy was fixed at 45 J with a
pulse width of 350 ps, giving an average laser inten-
sity on the target of ~2x10% W/cm?. The inten-
sity of the RP wave was —~ 25% less than that of the
QS wave because of the diffraction and reflection
losses of the phase plate. The direction of laser po-
larization was 22° from the vertical. Target ac-
celeration was observed by backlighting with x rays
emitted from a copper plate irradiated by a 350-ps,
140-J, 1.052-um laser with a time delay of 1 ns. A
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pinhole camera of 10-um spatial resolution with
40-um Be and 10-um Al filters was used to obtain
the backlighting image at 1.1-1.4 keV. The obser-
vation direction was normal to the propagation
direction and the polarization direction of the laser
beam. The time-integrated 3w/2 emission pattern
was also recorded normal to the laser beam pro-
pagation in a horizontal plane on a Kodak high-
speed infrared film whose H-D curve at 3w/2 was
calibrated.

The plane target was a flat Mylar of 6 wm thick-
ness and 1.5 mm width. The spherical target was a
glass microballoon of ~ 350 um diameter and 2
um wall thickness filled with 10 atm D,. Figures
2(a)-(d) show the x-ray backlighting images of
these targets irradiated by one beam of the RP wave
and the QS wave. First we examine the data on the
plane target [Figs. 2(a) and 2(c)]. The density pro-
file of the rear surface of the accelerated target in
Fig. 2(a) is very smooth, and we find none of the
small-scale structures contained in the incident
wave. There is a possibility that the rear surface has
a lower temperature in this case, since the density
profile of the accelerated rear surface has a steeper
density gradient than that with the QS wave irradia-
tion [Fig. 2(c)] in which the backlighting image of
the rear surface has irregularities. In the case of the
spherical target, the rear surface of the accelerated
target also has a smooth density distribution with
the RP wave irradiation. The contour of the ac-
celerated rear surface for the RP wave has a smooth
crescent shape, whereas that for the QS wave is
flatter and more asymmetric about the optical (laser
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FIG. 2. X-ray backlighting images of (a),(c) a plane

target and (b),(d) a spherical target irradiated by (a),(b)
the RP wave and (c), (d) the QS wave, respectively.

irradiation) axis.

Figures 3(a)-(d) show the 3w/2 emission pat-
terns and Fig. 3(e) shows their emission distribu-
tions in a linear scale calculated from the densitom-
eter traces along the lines marked by arrows in Figs.
3(@)-3(d). In the case of the plane target, the
emission distributions resemble the laser intensity
distributions on the target. The 3w/2 emission effi-
ciencies are comparable in both cases. The average
laser intensity of ~ 2x 10 W/cm? in this experi-
ment is close to the threshold intensity for the two-
plasmon decay instability!? if one assumes a plasma
scale length of 30 um and an electron temperature
of 1 keV. We expect then that the instability occurs
strongly in the regions where the laser intensity is
higher than average and the k-vector spread of the
RP wave could not suppress the instability.

The 3w/2 emission patterns of the spherical tar-
get [Figs. 3(b),3(d)] are quite different from the
corresponding patterns of the plane target. The
emission regions are localized on the laser optical
axis, especially with the RP wave irradiation [Fig.
3(b)]. The total emission energy of Fig. 3(b) is
~ 1% that of Fig. 3(a). In the spherical plasma in
comparison to the plane plasma, there will be less
two-plasmon decay instability, since the average
laser intensity is less and the plasma scale length is
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FIG. 3. The 3w/2 emission patterns of (a),(c) a plane
target and (b),(d) a spherical target irradiated by (a), (b)
the RP wave and (c),(d) the QS wave, respectively. The
intensity distributions of (a)-(d) along the lines marked
by the arrows are shown in (e). The patterns (a)-(d) are
slightly blurred because of reflections in the imaging op-
tics. The vertical direction is inverted (upside down) in

(a)-(d).

shorter.

The RP wave is characterized by broad spatial fre-
quency with phase randomness. When the incident
field has a wave-number spread Ak ~ kD/f, the
growth rate of a plasma instability is reduced by
~ (AKk)es/Ak, where (Ak).s is the resonance
width of the instability in the RP wave. For a
filamentation instability

(AK) s/ k€2 = |5¢/€|V2, 1)

where € is the dielectric function of the plasma and
de€ is the nonlinear part of €. At the laser intensity
I~ 10" W/cm?, we obtain 8¢~ 103 when 7,
equals approximately a few kiloelectronvolts at the
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FIG. 4. (a) Dispersion relations for the filamentation
instability for various wave-number spreads Ak. End-on
view of a laser beam after propagation through liquid car-
bon disulfide for (b) a collimated coherent wave and
(c) a random-phased wave, respectively. The laser
wavelength was 1.052 um and the average laser intensity
was 1.6x 108 W/cm? in both cases.

plasma density of n/n.=0.5. Thus (Ak)./k
~0.03, and the reduction factor becomes — 0.1
for a typical case of f/D =3.

A dispersion relation for the filamentation insta-
bility of the RP pump wave has been derived®
under the Bourret approximation.!* The resultant
dispersion relations for various wave-number
spreads, Ak, are shown in Fig. 4(a). The wave
number of an unstable mode, K, and the growth
rate, I', are normalized by the wave number K, and
the growth rate of the fastest growing mode for a
coherent pump, respectively, where K, corre-
sponds to (Ak).s. We see in Fig. 4(a) that the
growth rate is reduced by the factor of ~ K,,/4Ak
when Ak > K,,.

In a model experiment of the nonlinear propaga-
tion of the RP wave in a dielectric medium (carbon
disulfide),'* we found that the self-focusing is
indeed suppressed as shown in Fig. 4(c). Namely,
the coherent diffraction pattern in Fig. 4(b) breaks
up into regularly arranged filaments,!> but the RP-
wave pattern in Fig. 4(c) has no regular-structure
characteristics of the periodic breakup as in Fig.
4(b). At I=10® W/cm? K,/27=30 cm~!
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whereas Ak/2m =100 cm~! in this experiment.

In conclusion, we have shown that irradiation of
fusion targets with the random-phased wave results
in smooth target acceleration together with the pos-
sibility of reduced two-plasmon decay instability in
a spherical plasma. Theoretical calculation which is
supported by a model experiment reveals that the
self-focusing is suppressed when the random-
phased wave propagates in a plasma. Direct irradia-
tion of spherical targets with relatively small
numbers of short-wavelength, random-phased laser
beams is a promising approach in attaining efficient,
spherically symmetric compression.
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FIG. 1. (a) Typical arrangement of random phasing of the laser beam for uniform target irradiation. A random-phase
plate is placed in front of a lens of focal distance f. (b) Calculated intensity distribution of the random-phased wave at
the focal plane. (c),(d) Observed intensity distributions of a quasispherical wave and a random-phased wave, respective-

ly. Experimental parameters are given in the text.
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FIG. 2. X-ray backlighting images of (a),(c) a plane
target and (b),(d) a spherical target irradiated by (a),(b)
the RP wave and (c), (d) the QS wave, respectively.
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FIG. 3. The 3w/2 emission patterns of (a),(c) a plane
target and (b),(d) a spherical target irradiated by (a),(b)
the RP wave and (c¢),(d) the QS wave, respectively. The
intensity distributions of (a)-(d) along the lines marked
by the arrows are shown in (e). The patterns (a)-(d) are
slightly blurred because of reflections in the imaging op-
tics. The vertical direction is inverted (upside down) in

(a)-(d).



FIG. 4. (a) Dispersion relations for the filamentation
instability for various wave-number spreads Ak. End-on
view of a laser beam after propagation through liquid car-
bon disulfide for (b) a collimated coherent wave and
(c) a random-phased wave, respectively. The laser
wavelength was 1.052 wm and the average laser intensity
was 1.6x 108 W/cm? in both cases.



